The Austroalpine basement to the south of the Tauern Window once was part of the northern margin of Gondwana. It includes the "Altkristallin" and the phyllitic Thurntaler Complex. In the Altkristallin (AMU, MPU), suites of arc-related metamafic sequences occur together with calcalkaline metagranite. SHRIMP U-Pb dating of zircon from calc-alkaline metagranite associated with an eclogitic amphibolite give an age of 470 ± 3 Ma interpreted as the age of protolith emplacement. In the Thurntaler Complex, metaporphyroids occur together with tholeiitic as well as alkaline within-plate basalt-type metabasite. The metaryholites of this association give a crystallization SHRIMP-age of 477 ± 4 Ma, which suggests contemporaneity of arc-related and extensional settings in the Austroalpine basement units. The age data demonstrate widespread magmatic activity associated with the Early-Ordovician amalgamation at the end of the 550-470
Introduction
Pre-Mesozoic basement areas form a major part of the Alps. The basement complex between the Tauern Window and the Pustertal-Line (see Fig. 1 ) belongs to the southern, proximal part of the Austroalpine nappes surrounding the Penninic Zone and the Tauern Window (for a compilation see Schulz et al. 1993 Schulz et al. , 2001 ). The geotectonic history of these basement units records the evolution of the northern margin of Gondwana and the northward drift of Avalonia and Armorica towards the southern margin of Laurentia and Baltica. The multistage pre-Alpine metamorphic and magmatic evolution is still under discussion (e.g., von Raumer and Neugebauer 1993; von Raumer 1998) . The pre-Permian evolution of the Austroalpine basement units can be subdivided into different stages (e.g., von Raumer et al. 2002) : The Late Precambrian to Early Palaeozoic evolution comprises sedimentation in an accretionary wedge environment with volcanic arc magmatism and possibly an early-Palaeozoic orogenic cycle prior to the intrusion of Ordovician granitoids (von Raumer 1998; von Raumer et al. 2002) . Lowgrade metamorphic sediments and volcanic rocks (Ordovician -Devonian) document the rifting of the passive margin (e.g., Loeschke 1989; Loeschke and Heinisch 1993; Neubauer and Sassi 1993; Schönlaub 1993) . Subsequent convergence of former peri-Gondwana continental blocks and Laurussia resulted in polyphase and complex crustal thickening, nappe stacking, and regionally variable metamorphic overprint during the Variscan orogeny.
In this paper, we focus on the Austroalpine basement to the south of the Tauern Window, the so-called "Zone der alten Gneise" (Sander 1929) or "Complesso Merano Mules Anterselva (Dal Piaz 1934) . This "Altkristallin" is a pre-Ordovician clastic sedimentary sequence intruded by felsic plutons. The phyllitic units of the Thurntaler Complex, metamorphosed under greenschist to epidote-amphibolite facies conditions, recorded most probably the sedimentary evolution from the Lower Ordovician to the Upper Devonian. They may represent higher grade equivalents of the weakly metamorphosed sedimentary and volcanic rocks of the Greywacke Zone, the Gurktal Nappe Complex, and the Carnic Alps.
Geochronology had a key position in deciphering the pre-Alpine evolution of the basement rocks of the Eastern Alps south of the Tauern Window (e.g., Borsi et al. 1973; Cliff 1980; Satir 1975; Hammerschmidt 1981; Klötzli 1995; Schulz and Bombach 2003) . Pre-Variscan magmatic rocks include N-MORB-type basalts (now eclogitic amphibolites), basaltic arc type magmatites (now hornblende-plagioclase gneisses), and Ordovician felsic plutonic and volcanic rocks (now orthogneisses and metaporphyroids; Schulz et al. 2004) . The Altkristallin underwent amphibolite-facies metamorphism, characterized by early crystallization of the pressuredominated mineral assemblages containing garnet, staurolite, and kyanite and later formation of sillimanite and andalusite. The polyphase deformation in a setting of noncoaxial shear resulted in sheath folds and later folding around steeply plunging axes. So far, structural observations and carboniferous mica ages (Borsi et al. 1978; Schuster et al. 2001; Steenken et al. 2002) represent the only evidence for Variscan metamorphism to the south of the Defereggen-Antholz-Vals (DAV) Line.
The ages of the pre-Alpine orogenic cycles in the Austroalpine basements are poorly constrained. To constrain the tectonometamorphic history of the "Altkristallin", accessory and minor rock forming minerals like zircon, staurolite, and kyanite were analyzed using SHRIMP techniques and Pb/Pb step-wise leaching experiments respectively. For the interpretation of the geochronological data from step-wise leaching experiments, it is of particular interest to recognize that the age information is associated with micro-inclusions rather than the hosting staurolite. Our new data are discussed in the context of existing structural, petrological, and geochronological data.
Geological setting
Across the DAV Line, there is a step both in the age of metamorphism and the grade of Alpine metamorphism has been proposed. No Alpine ductile overprint can be observed to the south of this Line. Evidence for an Oligocene displacement along the DAV Line is provided by the syntectonic emplacement of the Rieserferner Pluton (Steenken et al. 2002; Romer and Siegesmund 2003) .
The Eastern Alps to the south of the Tauern Window can be subdivided into four different tectonometamorphic units (Schulz et al. 1993; Fig. 1) . A structurally lower metapsammopeliteamphibolite-marble unit (AMU), a monotonous upper metapsammopelitic unit (MPU), both forming the so-called classical "Altkristallin" of the basemet complex. Similar rock associations belong to the "Liegend-Komplex" and "Hangend-Komplex" of the Schober Group and form the Polinik and Strieden units of the central Kreuzeck Group, respectively. The presumably EarlyPalaezoic phyllitic Thurntaler Complex occurs at the southern margin of the Altkristallin, as well as in the Kreuzeck Group and Goldeck Group (Fig. 1) . The fourth tectonometamorphic unit is part of the Gailtal metamorphic basement and consists of fossiliferous early-Palaezoic metasediments (Sprenger 1996) . The Gailtal metamorphic complex is not investigated in this study.
In the following the tectono-lithostratigraphic units south of the Tauern Window are briefly described (following Schulz et al. 2001) , although Schulz and Bombach (2003) redefined the tectono-lithostratigraphic units. See Fig. 1 for comparison of the here used nomenclature with the alternative one of Schulz and Bombach (2003) .
Amphibolite-marble unit (AMU)
The AMU structurally overlies the Penninic rocks of the Matreier ophiolites and the Upper Schieferhülle adjacent to the Tauern units. The northern, lowermost part of the AMU is the Lasörling unit defined by Schönhofer (1999) . It consists of biotite-muscovite gneisses, orthogneisses, and metamorphic mafic rocks. Farther to the south, there occur widespread garnet-muscovite and muscovite mica schists of the so-called mica schist group or Cima Dura unit. The southernmost part of the AMU (biotite gneiss series), which also defines the roof of the Rieserferner pluton, consists of biotite-rich gneisses, mica schists, and quartzitic paragneisses interlayered with marbles and in part with amphibolites and metapegmatoids.
In the Prijakt area (Schober Group), a 400 m thick mafic sequence (amphibolitized eclogites) is concordantly interlayered by strongly foliated orthogneisses, paragneisses, and mica schists. Schulz (1995) reported high pressure (550-650°C/14-16kbar) followed by high-temperature amphibolite facies metamorphism. Mafic rocks in the Schober Group include several groups with different geochemical signatures (Steenken and Siegesmund 2000; Schönhofer 1999; Schulz et al. 2001 Schulz et al. , 2004 .
A Rb-Sr whole-rock isochron of 445 ± 24 Ma (Hammerschmidt 1981) was interpreted as intrusion age of the felsic plutonic rocks (orthogneiss of Campo Tures/Sand i. T.). Schulz and Bombach (2003) reported U-Pb zircon evaporation ages around 590 Ma for an eclogitic amphibolite and 550 -530 Ma for the hornblende-plagioclase gneisses. and K-Ar (81-30 Ma) ages are discussed as mixing ages due to Variscan and Alpine overprints (e.g., Stöckhert 1982; Steenken et al. 2002) . A compilation of age determinations is given in Table 1 .
Metapsammopelitic unit (MPU)
The MPU is mainly composed of heterogeneous paragneisses intercalated with mica schists and orthogneisses. The paragneisses are highly variable in their quartz, mica, and feldspar content. The mica schists carry different amounts of garnet, kyanite, and staurolite. Calcsilicates and more rarely marbles, graphite-bearing gneisses and quartzites, as well as amphibolites do occur. The protoliths of the Antholz orthogneisses are highly peraluminous syncollisional S-type granitoids that were generated by partial anatexis of crustal protoliths. In contrast, Gsies-type orthogneisses are former peraluminous to metaluminous high-K granitoids that may have been derived from lower crustal rocks of a magmatic arc association.
Mineral assemblages of the mica schists in the MPU are characterized by biotite ± muscovite ± chlorite ± staurolite ± kyanite + oligoclase + quartz. The maximum P-T condition of 630°C and 6-11 kbar was obtained from Mg-rich rims of garnet (Schulz 1997; Schulz et al. 2001) .
Conventional multigrain zircon U-Pb ages at 443 ± 16 Ma and 424 ± 11 Ma from biotite and muscovite bearing orthogneisses, respectively, were interpreted as intrusion ages (Cliff 1980) . For the orthogneisses in the MPU Klötzli (1995) discusses two magmatic events (see Table 1 ).
Whereas these radiometric data were interpreted to date the emplacement of the granitoid bodies into Pre-Upper-Ordovician basement, Schulz and Bombach (2003) found older 207 Pb/ 206 Pbsingle zircon evaporation ages for orthogneisses (471 to 448 Ma). Variscan metamorphism is indicated by Rb-Sr and K-Ar mica ages ranging from 250 to 310 Ma for the para-and orthogneisses to the south of the DAV Line (Borsi et al. 1973 (Borsi et al. , 1978 Satir 1975; Steenken et al. 2002) . In addition, Schuster et al. (2001) found geochronological evidence for a Permo-Triassic HT/LP metamorphic event.
Thurntaler Complex
The (Peccerillo et al. 1979; Schönlaub 1979; Heinisch 1981; Heinisch and Schmidt 1982) .
The metamorphic peak conditions at c. 600°C and c. 6 kbar for the amphibolites are obtained on strongly zoned amphiboles with actinolite cores and green hornblende rims (Schulz 1991) .
Based on P-T-data and the quasi-concordant lithological contact, Schulz (1991) concluded that the tectonic juxtaposition of the TC on the MPU took place after the penetrative D2 event.
Lithological comparison with dated lithologies of the Eastern Alps was used to infer an Ordovician to Early Devonian age for these rocks (e.g. Sassi et al. 1985; Heinisch and Schmidt 1976, 1984; Schönlaub 1979; Schulz 1991; Kreutzer 1992) . For the meta prophyroid protolith, Schulz and Bombach (2003) determined 207 Pb/ 206 Pb evaporation ages of 473 -469 Ma on zircon.
Results of age determinations
Zircon Sample BS3 (Fig. 2a) is an orthogneiss from the Prijakt area of the Schober Group. It is part of the "Hangendserie" (Clar 1972), i.e., the AMU. This strongly foliated orthogneiss is one of a number of intercalations within metabasic rocks, which are commonly referred to as "eclogitic amphibolites" (Troll et al. 1976 (Troll et al. , 1980 Table 2 and plotted in a Tera-Wasserburg U-Pb concordia diagram (Fig. 4) (Fig. 2b) . Zircon crystals from sample P1 are generally euhedral to subhedral. A slight rounding of the edges may reflect a thermal overprint. Most of these zircon grains show complex internal CL structures with rounded or angular cores surrounded by oscillatory-zoned magmatic overgrowth ( Fig. 3c, d ). The supposedly xenocrystic cores generally show magmatic zoning. Some cores, however, show diffuse and unstructured CL patterns that may result from earlier late-magmatic or metamorphic recrystallization. Resorbtion during intermittent magmatic crystallization of the rim is documented by dissolution surfaces intersecting the regular magmatic growth zoning. As the magmatic age of this rock was of primary interest, most analyses were sited in the zoned overgrowths or discrete magmatic grains.
For the porphyroid sample P1, seventeen zircon crystals were selected for SHRIMP U-Pb analyses. The data are reported in Table 2 and plotted in a Tera-Wasserburg U-Pb concordia diagram (Fig. 4) . Sixteen analyses plot in a group near the concordia and define a mixing line between radiogenic and common Pb compositions. These data yield a weighted average 206 Pb/ 238 U age of 477 ± 4 Ma (MSWD = 0.61; Fig. 4 ). Two analyses were excluded from the calculation of this age as they fully (spot 2.1) or partially (spot 3.1) sampled the inherited core.
The core (2.1) has an apparent 206 Pb/ 238 U age of 606 ± 10 Ma (1σ). This age is a minimum age.
Its relatively large uncertainty is due to the low U content of this zircon.
Staurolite and kyanite
Staurolite-and staurolite-kyanite-schist samples were collected near Lake Stierbichl (Fig. 1 ).
The common mineral assemblage is biotite, muscovite/paragonite, chlorite, quartz, plagioclase, staurolite and garnet, with accessory amounts of ilmenite, tourmaline and zircon. Occasionally kyanite occurs in addition to and in similar quantities as staurolite. As in our kyanite-bearing sample ( Fig. 2 .c) mm-sized poikiloblasts are then intimately intergrown with staurolite. Kyanite and staurolite contain an s i of quartz + ilmenite parallelling s 2 . Staurolite from two samples (ST2-1 and ST2-2) and kyanite from a third sample were separated using standard mineral processing procedures and selected under the binocular microscope. Material selected for the step-leaching experiments showed no inclusions under the binocular microscope. Back-scattered electron (BSE) images of polished grain-mounts, however, revealed abundant tiny inclusions of quartz, ilmenite, biotite, andesine, and rare zircon. Samples were ground in an agate mortar and then exposed to a series of increasingly stronger acids, comparable to the procedure described by Frei et al. (1995, 1997) and Romer and Franz (1998) . In contrast to most earlier studies, we determined not only the Pb isotopic composition of each leachate, but also their Pb and U content. The analyical results are shown in Tables 3 and 4 .
The lead isotopic composition of leachates from staurolite sample ST2-1 varies systematically during the leaching procedure (Tables 3 and 4 245 Ma, provided the data reflect undisturbed lead growth starting from the same initial Pb isotopic composition. The slope of this line, however, is dominated entirely by the HNO 3 leach.
The lead isotope data of the various leachates of staurolite from sample ST2-2 ( Step-leaching may selectively release U and Pb from inclusions or from chemically distinct segments of the analyzed minerals. Especially if most of the U is hosted in small inclusions, the step leaching procedure may result in a fractionation between U and Pb and the release of Pb with an anomalous isotopic composition. 
Ar-Ar-hornblende
Sample OD 21 is an amphibolite from the MPU to the south of the DAV and contains hornblende, plagioclase, garnet, and chlorite and accessory quartz, clinozoisite, sphene, zircon, and opaque minerals. The investigated amphiboles are mineralogically heterogeneous. They were step-heated with 13 -14 fractions extracted from each sample. None of the samples shows a plateau that is defined by three or more fractions constituting > 50% gas release and falling within 2 standard deviations of the mean (Fig. 6 ). The gas released at the lowest temperatures, corresponding to about 2% of the total gas release, is characterized by a low Ca/K, yields a poorly defined age of ~190 Ma, and may reflect secondary biotite on cleavage planes (e.g., 
Discussion

Age of pre-Variscan arc
During the Cambro-Ordovician evolution of the Gondwana-derived terranes, magmatic rocks play an important role. Granitoids ranging in age from 494 to 420 Ma were discriminated according to Maniar and Piccoli (1989) into (i) Cambrian plagiogranites related with the formation of oceanic crust, (ii) alkaline granites representing rifting of thickened crust contemporaneous to the opening of an ocean, and (iii) calc-alkaline meta-aluminous granites that seem to have formed in a Cambro-Ordovician active margin setting, whereas (iv) younger (± 450
Ma) less calc-alkaline peraluminous granitoids (collisional granitoids) that carry the characteristics of a late-to post-orogenic evolution. Heinisch (1981), Schulz (1997) , and von Raumer (1998) used the granitoids to subdivide the pre-Variscan units into a pre-Ordovician and post-Ordovician basement (Neubauer 2002; von Raumer et al. 2002 von Raumer et al. , 2003 .
Orthogneisses of the MPU and AMU to the south of the Tauern Window to belong to two groups. The first group belongs to peraluminous syncollisional S-type granitoids (e.g., Antholz, Leisach, and Sand in Taufers). In the second group, major element chemistry and the presence of two feldspars suggest that the original granite is derived from a water undersaturated partial melting of calc-alkaline metagraywacke in the lower crust. Orthogneisses of Gsies type represent former peraluminous to metaluminous high K-granitoids whose magmatic source could have been lower crustal rocks of a volcanic arc association.
Existing age information of both groups, felsic plutonic and volcanic rocks, yield ages at 480 shown the mafic metavolcanics of the Thurntal Complex to represent within-plate metatholeiites, some of them sub-alkaline, we concur with this interpretation of the bimodal association as indicating an intra-plate intracontinental extensional setting where the silicic melts were mobilized from older calc-alkaline source rocks. Up to now there is no age determination of the mafic members of the bimodal association. If felsic and mafic rocks are coeval, an extensional tectonic setting was established already for the Lower Ordovician. In contrast if the association is purely tectonic, the extension must be younger. Moreover, the REE pattern of the porphyroids matches the data from the orthogneisses very well and demonstrate the geochemical similarity of both rock groups as had already been stated by Heinisch (1981) and Heinisch and Schmidt (1982) .
Age of metamorphism
The age of the metamorphism in the Altkristallin (AMU and MPU) is still a matter of discussion. For instance, it is often stressed that foliated amphibolite xenoliths within Ordovician felsic orthogneisses within the Western Altkristallin described by Peccerillo et al. (1979) , indicate that mafic rocks were already deformed at c. 470 Ma. In contrast, Sassi and Zanfrerari (1972) proposed a "Caledonian" amphibolite facies metamorphism while others (e.g., Cliff 1980; Bellieni and Visona 1981; Stöckhert 1982 Stöckhert , 1985 Hoke 1990) suggested that the amphibolite facies mineral assemblages in the MPU and AMU are locally younger than the main foliation S2 of the metapsammopelites. Since S2 is parallel to a corresponding foliation in the Ordovician granitoids, this implies that metamorphism post-dates the felsic intrusion.
Microstructural evidence shows that staurolite and garnet-1 growth ( Fig. 2c ) occurred late to post kinematic with respect to D2 and that staurolite surrounded by crenulated (F3) matrix may locally enclose internal foliations with small garnet. Thus, the age of staurolite would constrain the age of peak metamorphism (Schulz et al. 2001 ). The Pb-Pb and U-Pb systematics of leachates from staurolite and kyanite from these metapelites is bound to inclusions like ilmenite formed during metamorphism. The Variscan age of these inclusions puts a maximum age for staurolite and kyanite growth and precludes a pre-Variscan age of the metamorphism of schists.
Conclusion
We present two SHRIMP U-Pb-analyses of zircon grains from metamagmatic rocks of the 
